Environmental impact of primary beef production chain in Colombia: Carbon footprint, non-renewable energy and land use using Life Cycle Assessment by González Quintero, Ricardo et al.
 
Alliance Bioversity-CIAT Research Online 
Accepted Manuscript 
Environmental impact of primary beef production chain in Colombia: Carbon footprint, 
non-renewable energy and land use using Life Cycle Assessment  
 
The Alliance of Bioversity International and the International Center for Tropical Agriculture believes that 
open access contributes to its mission of reducing hunger and poverty, and improving human nutrition in 
the tropics through research aimed at increasing the eco-efficiency of agriculture. 
The Alliance is committed to creating and sharing knowledge and information openly and globally. We do 
this through collaborative research as well as through the open sharing of our data, tools, and publications. 
Citation:  
González-Quintero R, Bolívar-Vergara DM, Chirinda N, Arango J, Pantevez HA, Barahona-Rosales R, 
Sánchez-Pinzón MS. 2021. Environmental impact of primary beef production chain in Colombia: Carbon 
footprint, non-renewable energy and land use using Life Cycle Assessment. Science of The Total 
Environment 773:145573. 
 
Publisher’s DOI:  
https://doi.org/10.1016/j.scitotenv.2021.145573 
Access through CIAT Research Online:  
https://hdl.handle.net/10568/113218 
Terms: 
© 2021. The Alliance has provided you with this accepted manuscript in line with Alliance’s open access 
policy and in accordance with the Publisher’s policy on self-archiving. 
 
 
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International 
License.  You may re-use or share this manuscript as long as you acknowledge the authors by citing the version 
of the record listed above. You may not change this manuscript in any way or use it commercially. For more 
information, please contact Alliance Bioversity-CIAT - Library Alliancebioversityciat-Library@cgiar.org 
1 
 
Environmental impact of primary beef production chain in Colombia: Carbon footprint, non-renewable 1 
energy and land use using Life Cycle Assessment  2 
Ricardo González-Quintero1, Diana María Bolívar-Vergara2, Ngonidzashe Chirinda1,5, Jacobo Arango1, Heiber 3 
Pantevez3, Rolando Barahona-Rosales2, María Solange Sánchez-Pinzón4 4 
1Alliance Biodiversity - CIAT, Km 17 recta Cali – Palmira, Valle del Cauca, Colombia, (0572) 4450000. 2Facultad de 5 
Ciencias Agrarias, Universidad Nacional de Colombia sede Medellín. 3Colombian Cattle Ranching Federation, 6 
FEDEGAN. 4Compañía Nacional de Chocolates, Rionegro, Antioquia. 5Present address: Mohammed VI Polytechnic 7 
University (UM6P), AgroBioSciences (AgBS), Agricultural Innovations and Technology Transfer Centre (AITTC), 8 
Benguerir, Morocco.  9 
Abstract 10 
In Colombia, the beef production chain accounts for approximately 11.6 million cattle heads and annually 11 
produces 933 million kg of the beef carcass. There are no life cycle assessment (LCA) studies that have evaluated 12 
the environmental performance of Colombian beef systems. The present study aimed to estimate the carbon 13 
footprint (CF), non-renewable energy use, and land use of 251 cow-calf and 275 fattening farms in Colombia. The 14 
study also aimed to identify the main hotspots of adverse environmental impacts and propose possible 15 
mitigation options and their cost-effectiveness. The impact categories were estimated using the 2006 IPCC, the 16 
2019 Refinement to 2006 IPCC guidelines, databases, and locally estimated emission factors. The functional units 17 
used were 1 kg fat and protein corrected milk and 1 kg live weight gain, leaving the farm gate. Three methods of 18 
allocating environmental burdens to meat and milk products were applied: economic, energy and mass 19 
allocation. The adoption of improved pastures was considered a mitigation measure, and an economic 20 
assessment was performed to estimate the relative cost-effectiveness of its establishment. A principal 21 
component multivariate analysis and a Hierarchical Clustering on Principal Components were performed. The 22 
economic allocation method assigned a greater environmental burden to meat (83%), followed by energy 23 
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content (80%) and mass production (73%). The largest sources of GHG emissions were enteric fermentation and 24 
manure deposited on pasture. Both cow-calf and fattening systems had a cluster of farms with better 25 
productivity, pasture and cattle management practices, and environmental performance. The CF for meat could 26 
be reduced by 33 to 56% for cow-calf and 21 to 25% for fattening farms, by adopting improved pastures. 27 
Therefore, our results suggest that GHG emissions can be reduced by adopting improved pastures, better 28 
agricultural management practices, efficient fertilizer usage, using the optimal stocking rate, and increasing 29 
productivity.  30 
Keywords: climate change; Colombian cattle systems; global warming potential, greenhouse gas (GHG) 31 
emissions; livestock production systems; mitigation potential 32 
1. Introduction 33 
The global population growth combined with increased affluence has led to a quick per capita increase in the 34 
supply and consumption of meat and milk, especially in developing countries (de Vries et al., 2015; Röös et al., 35 
2017). This growing demand has led to the rapid growth of the livestock sector, with higher growth rates in the 36 
developing countries (Gerber et al., 2013; Thornton and Herrero, 2010), and higher environmental burdens such 37 
as GHG emissions, land degradation and deforestation (Cederberg et al., 2011). According to Gerber et al. (2013), 38 
the livestock sector is responsible for 14.5% of global greenhouse gas (GHG) emissions, with beef production 39 
accounting for 41% of these emissions (Opio et al., 2013). Therefore, the identification and adoption of 40 
environmental-friendly beef production strategies are mandatory to tackle the environmental burden that this 41 
sector is generating. 42 
In Latin America, beef cattle production is mostly under open-grazing conditions and is an important social and 43 
economic activity (FAO, 2013). The Latin-American countries with the largest beef herds are Brazil, Argentina, 44 
Mexico, and Colombia. The beef production chain in Colombia accounts for approximately 11.6 million cattle 45 
heads (43% of the national cattle population) and comprises cow-calf, fattening, and full-cycle farms, which 46 
annually produce 933 million kg carcass (DANE, 2020). Cow-calf and cattle-fattening farms account for 43 and 47 
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39% of the Colombian beef herd, respectively, and the remaining 18% corresponds to full-cycle (DANE, 2020). 48 
These farms use traditional-extensive and improved-extensive grazing systems, where animals graze on large 49 
plots, under low stocking rates, and receive diets that usually include native forage species, leading to low 50 
productivity rates (Barahona et al., 2003; González-Quintero et al., 2020c, 2020b; Mahecha-Ledesma et al., 51 
2002). Another essential production system in the beef value chain is the dual-purpose cattle system, which 52 
supplies animals to the cattle fattening systems. 53 
In Colombia, forestry and agriculture are responsible for 36 and 26% of national GHG emissions, being by far the 54 
productive sectors that emit the most GHG (IDEAM et al., 2016), with emissions from pastures and cattle 55 
accounting for 21% of national GHG emissions. Therefore, as the Colombian government committed to reducing 56 
20% of national GHG emissions by 2030 (Gobierno de Colombia, 2015), identifying sustainable beef production 57 
strategies is of paramount importance. 58 
Life cycle assessment (LCA) is a holistic method to evaluate the environmental impacts, such as the emission of 59 
pollutants (ammonia or methane) and the use of resources (land and fossil fuels), during the entire life cycle of 60 
a product (de Vries and de Boer, 2010; Guinée, 2002). During the last few years, LCA studies have estimated the 61 
environmental performance of beef cattle systems in different Latin American countries such as Argentina 62 
(Faverin et al., 2019; Modernel et al., 2018), Brazil (Bogaerts et al., 2017; Bustamante et al., 2012; Cardoso et al., 63 
2016; Cederberg et al., 2011; Cerri et al., 2016; de Figueiredo et al., 2017; Dick et al., 2015a, 2015b; Florindo et 64 
al., 2017a, 2017b; Mazzetto et al., 2015; Pashaei-Kamali et al., 2016; Ruviaro et al., 2015; Willers et al., 2016), 65 
Costa Rica (Mazzetto et al., 2020), Mexico (Rivera-Huerta et al., 2016), Paraguay (Costantini et al., 2020), and 66 
Uruguay (Becoña et al., 2014; Modernel et al., 2013; Picasso et al., 2014). The assessed cattle systems included 67 
cow-calf, cattle finishing, cow-calf-to-finishing operations, and other production methods such as confinement 68 
and intensive, semi-intensive, and extensive grazing.  Most LCA evaluations used modelled farm data and just a 69 
few of them included primary data from farms (Bogaerts et al., 2017; Cerri et al., 2016; Costantini et al., 2020; 70 
Mazzetto et al., 2020; Picasso et al., 2014; Ruviaro et al., 2015). There are no LCA studies that have evaluated the 71 
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environmental performance of the Colombian beef production chain, neither modelling cattle systems nor using 72 
data gathered directly from producers. Therefore, this restricts identifying the main hotspots of the 73 
environmental impacts of these systems and adequate GHG mitigation strategies to be promoted in public 74 
policies or government programs. 75 
The present study had two aims. Firstly, to estimate the environmental impact of cow-calf and fattening farms 76 
in Colombia by quantifying GHG emissions (carbon footprint), non-renewable energy use and land use (LU), using 77 
a farm gate LCA approach using data directly gathered from the farms.  Secondly, to identify the hotspots of total 78 
environmental impacts and opportunities to improve environmental performance and mitigate climate change. 79 
2. Materials and methods 80 
2.1 Life cycle assessment approach 81 
We used a Life Cycle Assessment (LCA) approach to assess impact categories such as the carbon footprint (CF or 82 
GHG emissions per kg product), non-renewable energy use, and land use in cow-calf and fattening cattle systems 83 
in Colombia. The LCA was done by the attributional method, which aims to quantify the environmental impact 84 
of a system's main co-products in a status quo situation (Thomassen et al., 2008). The publicly available 85 
specification - PAS, 2050: 2011 - (BSI and Carbon Trust, 2011) was used based on LCA and allowed the 86 
quantification of GHG emissions in the life cycle of products. Modelling of impact categories was carried out in 87 
Microsoft Excel. We estimated carbon footprints using global warming potential for a time frame period of 100 88 
years. The global warming potentials for methane, carbon dioxide and nitrous oxide were 28, 1 and 265, 89 
respectively (IPCC, 2014). 90 
2.1.1 Goal and Scope  91 
2.1.1.1 Functional unit and allocation 92 
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The functional units used were 1 kg fat and protein corrected milk (FPCM) and 1 kg live weight gain (LWG), leaving 93 
the farm gate. Cow-calf systems produce meat and milk from dual-purpose cows (González-Quintero et al., 94 
2020c). To assign environmental burdens between milk and meat, we used three different allocation methods:  95 
1) An economic allocation method based on the prices of the meat and milk produced in a year.  96 
2) Energy allocation method based on the energy contents (MJ) of the meat and milk produced in a year.  97 
3) A mass allocation method based on the mass of meat (LWG) and milk (FPCM) produced in a year. 98 
2.1.1.2 System boundary definition 99 
The system boundary was defined on a “cradle to farm-gate” perspective for cow-calf and fattening farms (Figure 100 
1). The direct or primary emissions are those generated within the farm system (on-farm), and the secondary 101 
off-farm emissions are those upstream emissions related to the production and transport of imported resources 102 
such as feed, fertilizer, and soil amendments.  103 
In Figure 2, the flows in the primary beef production chain in Colombia are shown. Animals entering fattening 104 
farms come from either cow-calf or dual-purpose systems. However, the exact precedence of these animals is 105 
difficult to track due to the lack of record-keeping by farmers, poor integration between dual-purpose, cow-calf 106 
and fattening systems, intermediary market actors, animal smuggling, and illegal slaughterhouses (Lopez-107 
Ramirez and García-Cáceres, 2020). Usually, when performing an LCA study for fattening farms, calves from other 108 
cattle systems are considered an input and the environmental burden of its breeding is accounted for in the 109 
receiving system (Mogensen et al., 2015b, 2015a). However, as for the studied cow-calf farms, the calf weaned 110 
is the main product; it must pay the full environmental bill for its products except for the co-products such as 111 
milk and cull cows sent to slaughter. According to the above, all the environmental costs for raising calves are 112 
included in the cow-calf systems (Figure 2), not as input for fattening farms. Dual-purpose cattle farms are out 113 
of the scope of this study. 114 
2.1.2 Life Cycle Inventory and impact assessment 115 
2.1.2.1 Farm data 116 
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The present study included data collected in surveys carried out in 251 cow-calf and 275 fattening farms located 117 
in 13 Departments in Colombia: Atlántico, Bolívar, Boyacá, Caldas, Cauca, Cesar, La Guajira, Meta, Quindío, 118 
Risaralda, Santander, Tolima, and Valle del Cauca. The criteria used to select these farms, the information 119 
included in the surveys, the main characteristics of farms, and the data collection process were explicitly 120 
described in the characterization studies of cow-calf and fattening cattle systems performed by González-121 
Quintero et al. (2020b, 2020c). Briefly, the information used in this study was obtained from the Sustainable 122 
Colombian Cattle Ranching (GCS, Spanish initials) and the LivestockPlus (L+) projects conducted in Colombia. In 123 
these studies, over a period of 1 year, quantitative and qualitative data were collected by applying surveys on 124 
farms. Questionnaires used included questions on general information, herd composition and management, 125 
pastures management practices, livestock production and reproduction data, environmental information, animal 126 
health, social information, and financial information.  The averages and the 5th, 25th, 50th, 75th and 95th percentiles 127 
of variables used to describe the selected farms are presented in Table 1. 128 
For cow-calf farms, the amounts of milk produced were corrected for fat (3.7%) and protein (3.3%) content using 129 
the method described by  Carulla and Ortega  (2016). Live weight gain (LWG) was quantified for animals produced 130 
on the farms, assuming no change in the on-farm stock size and that no animals were brought into the farm. 131 
Gross energy concentration was calculated using IPCC tier 2 equations (Table 2) and considering daily gross 132 
energy (GE) intake estimated for each animal category based on diet digestibility and daily net energy 133 
requirements for maintenance, activity, growth, lactation, and pregnancy (Gavrilova et al., 2019; IPCC, 2006). 134 
Dry matter intake (DMI) was computed by dividing herd-specific gross energy intake values by the energy density 135 
of the feed (18.45 MJ per kg DM) (Gavrilova et al., 2019; IPCC, 2006). Pasture productivity (t DM ha-1 yr-1) and 136 
nutrient content and digestibility (%) were estimated based on (i) the region and municipality where the farm is 137 
located in the country, (ii) the identification of the main types of pastures for each region by using the atlas of 138 
bovine production systems in Colombia (Pulido-Herrera et al., 2005), and (iii) expert informed criteria. Use of 139 
fertilizer and lime was expressed as the amount applied over an area (ha) of improved pastures.  140 
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2.1.2.2 Estimation of on-farm GHG emissions 141 
Calculations of baseline GHG emissions were estimated using 2006 IPCC (IPCC, 2006), and in Chapters 10 142 
(Gavrilova et al., 2019) and 11 (Hergoualc’h et al., 2019) of Volume 4 of the 2019 Refinement to the 2006 IPCC 143 
Guidelines. Equations and emission factors (EF) used to estimate the primary emissions of CH4 and N2O for each 144 
pollutant are summarized in Table 2. 145 
The amount of dry organic matter in manure was determined from the herd-specific gross energy intake, 146 
digestibility of feed consumed, default values for ash content in dry matter and CH4 producing capacity, and the 147 
methane conversion factor. We did not account for GHG emissions from livestock respiration and the variation 148 
in soil carbon stocks at the farm level because grasslands were established more than 20 years ago, and no 149 
deforestation was identified (Steinfeld et al., 2006). Machinery and equipment and infrastructure availability 150 
were low or non-existent in most evaluated farms (González-Quintero et al., 2020c, 2020b), GHG emissions from 151 
infrastructure were not considered following PAS (BSI and Carbon Trust, 2011) recommendations. This was also 152 
the case for other LCA studies on Latin American beef systems, which indicated that such emissions were not 153 
included in the evaluation (Cardoso et al., 2016; Cederberg et al., 2009; Dick et al., 2015a, 2015b; Ruviaro et al., 154 
2015). 155 
2.1.2.3 Nitrogen balance at farm level 156 
Nutrient balance is a useful tool for quantifying the flow of nutrients in agricultural systems (Cederberg and 157 
Mattsson, 2000). A nitrogen balance at the farm level was made for checking out possible N surplus and thus the 158 
risk of N leaching. Figure 3 shows the model used for estimating N balances.  159 
N surplus is defined as the difference between net N-output from the farm in milk and meat and the net N input 160 
to the farm (Dalgaard et al., 1998). For each farm, the surplus N was quantified and expressed per unit area (ha) 161 
as:  162 
𝑇𝑜𝑡𝑎𝑙 𝑁 𝑠𝑢𝑟𝑝𝑙𝑢𝑠 (𝑘𝑔𝑁 ℎ𝑎−1𝑦𝑟−1) =  Σ 𝑁 𝑖𝑛𝑝𝑢𝑡𝑠 −  Σ 𝑁 𝑜𝑢𝑡𝑝𝑢𝑡𝑠 163 
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N inputs were estimated by multiplying each input's amount (feeds and fertilizers) by its N content. The N content 164 
of fertilizers and feeds were based on the product labels.  Annual N deposition (N input) was assumed using a 165 
standard estimate (15 kg N ha-1 yr-1) described by Bobbing et al. (2010). N fixation was set at zero. The N outputs 166 
were estimated by multiplying the amount of milk and live weight produced by their N content. The N content 167 
of meat and milk was computed based on their protein content and converted into milk and meat N content, 168 
according to Gavrilova et al. (2019). The N surplus must be transmitted into different emissions, which is 169 
performed by applying models for calculating N emissions on-farm. N2O–N and NH3-N losses were calculated 170 
using emission factors from Hergoualc’h et al. (2019)(Table 2).  171 
2.1.2.4 Estimation of off-farm emissions 172 
Emission factors (EF) used to estimate off-farm emissions from imported feeds and fertilizers are summarized in 173 
Table 3. These GHG emissions corresponded to the production and transportation of these respective 174 
agricultural inputs. 175 
2.1.2.5 Non-renewable energy use 176 
The amount of energy used for on-farm activities and transportation of inputs from the factory to the farm were 177 
calculated according to the Planning Unit of the Mines and Energy of Colombia (UPME, 2016) and the Ecoinvent 178 
database (Weidema et al., 2013). Off-farm energy requirements related to agricultural inputs production were 179 
estimated using specific factors obtained from Agri-Footprint, Ecoinvent, and European Life Cycle Reference 180 
Database (Durlinger et al., 2014; Weidema et al., 2013) as shown in Table 3. 181 
2.1.2.6 Land use 182 
The land use was calculated as the sum of the on-farm grazing area and the off-farm land required to produce 183 
the purchased feeds. Grazing areas were obtained during surveys conducted on each farm, and the off-farm land 184 
uses were obtained from the Agri-Footprint database and Ecoinvent database, as shown in Table 3. 185 
2.2 Scenario Analysis 186 
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Scenario analysis was conducted to analyze how technological changes lead to GHG emissions reductions. Based 187 
on the characteristics of clusters identified, literature review and expert opinions, the establishment of improved 188 
pastures and electric fences for rotational grazing were considered the chosen technologies. Adopting improved 189 
pastures was modelled just in the area necessary to produce and satisfy cattle's current forage demand. We 190 
assumed the establishment of grass with 65% and 12% of dry matter digestibility and crude protein content, 191 
respectively (Gutiérrez et al., 2018). Additionally, we estimated the relative cost-effectiveness for establishing 192 
and maintaining improved pastures and electric fences, and the quantities of GHG emissions decreased after 193 
implementing these measures. Reductions in GHG emissions were estimated as the annual average of the 194 
difference between the baseline scenario's total GHG emissions and the total emissions under the mitigation 195 
measure scenario (de Oliveira Silva et al., 2015). Cost-effectiveness was estimated from the difference between 196 
baseline gross margins and those calculated for each mitigation scenario, then dividing the result by the 197 
reduction in GHG emissions. The gross margins in both mitigation scenarios were estimated as the difference 198 
between the revenues and expenses of farms in one year. Revenues come only from the hypothetical sale of all 199 
live weight (LW) and all milk produced per farm per year. The milk and meat prices were obtained from the 200 
Colombian National Cattle Ranchers Federation (FEDEGAN, 2019). Farm expenses were composed of investment 201 
and maintenance costs for the implementation of improved pastures and electric fences. The associated cost for 202 
the establishment and maintenance was calculated according to Gutiérrez et al. (2018), including farm 203 
operations and quantities of inputs required (e.g., land adaptation, seeding, fertilizers, amendments to the soil, 204 
forage seed, and electric fence). 205 
2.3 Statistical Analyses 206 
Results are presented as means, minimum and maximum values. A principal component multivariate analysis 207 
(PCA) and a Hierarchical Clustering on Principal Components (HCPC) were performed for cow-calf farms as well 208 
as for fattening farms. The principal component multivariate analysis (PCA) was conducted with the PCA 209 
procedure from the FactoMineR package (Husson et al., 2015). The PCA shows relationships among total 210 
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environmental impacts (carbon footprint, land use, and non-renewable energy use) per kilogram FPCM (only for 211 
cow-calf systems) and LWG (produced per year and on an areas basis). Several other quantitative variables were 212 
also included, i.e., FPCM, stocking rates, the area under improved pastures, the amounts of fertilizer applied, 213 
purchased feed, forages produced, and diesel used for on-farm activities. A numerical classification of the farms 214 
was conducted using a Hierarchical Clustering on Principal Components (HCPC) with the HCPC procedure from 215 
the FactoMineR package (Husson et al., 2015). The Ward algorithm was used to build the tree, and then the k-216 
means consolidation to establish the clusters. Each cluster belonged to either cow-calf or fattening farms, for 217 
which an average of farm characteristics and environmental impacts were computed. Also, a nonparametric 218 
approach of Kruskal-Wallis was used to determine differences among clusters in each system of production, 219 
followed by a post hoc test using the Kruskal-Nemenyi test (Pohlert, 2016).  220 
3. Results and discussion 221 
The main objective of this study was the assessment of the CF, non-renewable energy use, and land use in the 222 
primary beef production chain in Colombia by using the LCA methodology. According to the characteristics of 223 
the Latin American cattle systems (extensive and low input farms), the environmental impact categories 224 
eutrophication and acidification have not been recognized as major environmental impacts caused by cattle 225 
activities (Cederberg et al., 2009). It has been informed that on-farm and off-farm activities that contribute the 226 
most to acidification and eutrophication potentials in intensive beef cattle systems are manure management, 227 
feed production, and transport (Berton et al., 2017). The acidification and eutrophication potential reported for 228 
the Latin American beef cattle systems are much lower than those informed by intensive beef farms in the EU 229 
(Berton et al., 2017; Dick et al., 2015b). Studied farms are characterized as low-input systems and no manure 230 
management is performed by farmers (all excretions are deposited on pastures) (González-Quintero et al., 231 
2020b, 2020c). According to the above, it is expected that acidification and eutrophication potential are not 232 
major environmental impacts in the Colombian cattle context, and therefore these two impact categories were 233 
not considered in this study. 234 
11 
 
3.1 Nitrogen balance 235 
N surplus, and N2O–N and NH3-N losses are summarized in the supplementary material (Table S1). Cow-calf and 236 
fattening systems in Colombia are characterized by the low use of inputs such as feeds and fertilizers and low 237 
stocking rates (González-Quintero et al., 2020c, 2020b). Due to the above, the N surplus per ha at farm level was 238 
low (9.3 and 6.6 kg N ha-1 year-1 for cow-calf and fattening systems, respectively), especially when compared with 239 
conventional specialized dairy systems located in Denmark, Italy, and Sweden,  with high N fertilization rates and 240 
even in comparison to organic dairy farms characterized by low use of inputs (Cederberg and Mattsson, 2000; 241 
Dalgaard et al., 1998; Penati et al., 2011). However, our findings were similar to N surpluses reported for 242 
extensive low-input beef systems in Argentina, Brazil and Uruguay (Modernel et al., 2018, 2013). For both 243 
productive orientations, all the losses occurred as emissions of N2O–N and NH3-N. Therefore, as the surpluses 244 
were low and we identified no N available for leaching, the amounts of manure and fertilizer-based N lost 245 
through leaching were assumed to be negligible and did not represent a significant threat for N contamination 246 
as was also stated by Viglizzo et al. (2006) and Modernel et al. (2013) for beef cattle systems in Argentina and 247 
Uruguay respectively. According to this, in the CF calculations, we did not consider the indirect emissions from 248 
NO3-N. N fertilizer has been reported as a critical source of N inputs in cattle farms located in Argentina, England, 249 
Mexico, and Sweden, accounting for more than 50% of applied N (Carswell et al., 2019; Cederberg and Mattsson, 250 
2000; Cortez-Arriola et al., 2014; Viglizzo et al., 2006), but this was not the case of studied farms. Atmospheric 251 
deposition was the primary N input accounting for almost 90%, and N fertilizer plus purchased feeds accounted 252 
for the remaining percentage. In terms of N output, meat was the primary N sink as it was the main product of 253 
the farms. For cow-calf farms, a small share of N was also retained by milk produced.  254 
3.2 Annual methane, nitrous oxide, and carbon dioxide emissions 255 
On average, for cow-calf farms and fattening farms, enteric fermentation was the main contributor to total CH4 256 
emissions, while manure deposited on pastures contributed to a lesser extent (Table 4). As in the 2019 IPCC 257 
Refinement, the emission factor for enteric fermentation increased, while for manure deposited on pastures 258 
decreased. Thus, estimates varied depending on the report used. The distribution of CH4 emissions of extensive 259 
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cattle farms is typical of systems with no manure management practices, such as beef and dual-purpose systems 260 
in Brazil and Nicaragua (Cerri et al., 2016; Gaitán et al., 2016).  261 
In both systems, direct and indirect N2O emissions from excreta deposited on pastures were the main 262 
contributors to total N2O emissions (Table 5). Due to their uncommon use, the contribution of fertilizers to total 263 
(direct and indirect) N2O emissions was low. Estimations differed between methodologies due to different 264 
emission factors for N2O emissions, and the theoretical fraction of N lost through volatilization.  265 
In both systems, liming and burning of diesel were the sources of direct CO2 on-farm emissions (Table 6). For 266 
cow-calf farms, the burning of diesel contributed to 57%, CO2 emissions, while in fattening farms, CO2 emissions 267 
from liming accounted for 61% of CO2 emissions. Usage of these inputs showed large variations among farms. 268 
The 2019 IPCC Refinement to IPCC 2006 did not update emission factors for liming; therefore, there were no 269 
changes in estimated emissions. 270 
3.3 Allocation of environmental burdens between meat (LWG) and milk (FPCM) in Cow-Calf farms 271 
In the fattening farms, the main product was meat, and there was no milk production. Therefore, all 272 
environmental burdens were allocated to meat. However, in the cow-calf farms, meat was the main product, but 273 
some farmers milked their cows, generating milk as a co-product and thereby, the use of an allocation method 274 
was required for cow-calf farms. The economic, energy and mass allocation approaches assigned 83%, 80 and 275 
73% of these burdens to meat, respectively (Table 7). To our knowledge, most of the LCA studies for Latin 276 
American beef cattle systems have not applied allocation methods, as the only product of conventional farms is 277 
meat. However, Mazzetto et al. (2020) performed an LCA applied an expanded boundary of coupled dairy (dual-278 
purpose and specialized dairy systems) and beef (suckler beef and fattening systems) production in Costa Rica 279 
by using a novelty functional unit which reflects the current global beef:milk demand ratio. In addition, for dual-280 
purpose cattle systems, González et al. (2020a) allocated environmental burdens between meat and milk, 281 
assigning higher percentages to milk, which was the main product of these farms. 282 
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3.4 Contribution of on-farm and off-farm processes to total GHG emissions by productive orientation 283 
In all farms, most of the GHG emissions arose from animal on-farm activities (Figure 4). As all farms do not carry 284 
out any manure management practices, enteric fermentation and manure deposited on pastures were the 285 
primary GHG sources, contributing with 98% and 95% of total emissions (CO2 eq) in cow-calf and fattening 286 
systems, respectively (Figure 4a and 4b). However, due to the higher methane conversion factor (Ym) and the 287 
lower emission factors for N2O emissions suggested in the 2019 Refinement of the 2006 IPCC guidelines, there 288 
were changes in the proportion of CH4 and N2O emissions between IPCC methodologies (Figure 4a and 4b). A 289 
similar emission pattern was reported for extensive beef cattle systems in Brazil, where emissions from cattle 290 
herd, including enteric fermentation and manure left on the field, represented approximately 99% of the total 291 
GHG emissions average for 22 farms (Cerri et al., 2016). 292 
Although emissions from animals did not vary between methodologies, CH4 emissions increased and reached 293 
more than 90% of total farm emissions when using the 2019 Refinement of the 2006 IPCC guidelines. In contrast, 294 
N2O emissions were reduced by almost a factor of three, suggesting that estimations of N2O emissions from 295 
cattle farms based on the 2006 IPCC methodology overestimated these emissions. Due to their uncommon use 296 
among farms, liming and on-farm transportation activities contributed less than 1% of total emissions. Off-farm 297 
emissions represented less than 1.6 and 4.8% of total emissions in cow-calf and fattening systems. Ranking these 298 
emissions by source showed the same trend in the two production modalities, led by feed purchases, then 299 
transport, and last, use of agrochemicals.  300 
The CF describes different climate pollutants emissions, where non-CO2 emissions such as CH4 and N2O are 301 
communicated and aggregated as CO2 equivalent (CO2e) quantities (Lynch et al., 2020). This metric is determined 302 
by the cumulative total emissions of long-life climate pollutants (LLCPs), such as CO2 and N2O, and short-life 303 
climate pollutants (SLCPs) such as CH4 (Cain et al., 2019). The CO2 and N2O emissions add cumulatively to the 304 
atmospheric stock due to their long lifespan, while for biogenic CH4, which has a short atmospheric lifespan, 305 
natural atmospheric removals limit increases in the atmospheric concentration for stable emission rates (Lynch 306 
14 
 
et al., 2020). The above suggests that if CH4 emissions rates remain stable, no further warming impact will occur 307 
due to this GHG, and therefore the increases would come from N2O and CO2 (Allen et al., 2016). In this study, 308 
GHG emissions from beef systems in Colombia came mainly from CH4. 309 
3.5 Variation among farms for cow-calf and fattening operations 310 
In Latin-America, LCA studies have evaluated the environmental burdens from beef farms using either real farm 311 
data or by simulating herd structures and cattle management strategies. To our knowledge, this is the most 312 
extensive LCA study for beef systems conducted in Latin America using real farm data, and this allowed us to 313 
identify relationships among the environmental performance of farms and their farming practices. Besides, it 314 
was possible to identify groups of farms that are significantly different from the rest. 315 
We conducted a PCA including characteristics and environmental performance of all farms belonging to either 316 
cow-calf or fattening systems, following the Kaiser-Guttman rule, that states that components with eigenvalues 317 
greater than one should be retained. Thus, the first five components were retained in the PCA analysis, which 318 
explained 71.7% of the cumulative variance. According to the biplot resulting from the PCA (Figure 5), milk yield 319 
(kg FPCM cow-1 year-1) and meat production (kg LWG AU-1) were negatively correlated to carbon footprint (per 320 
kg FPCM and kg LWG). Thereby, increasing milk yield per cow and the LWG per animal unit will reduce these 321 
farms' CF. There was also a negative correlation between either stocking rate or meat production (kg LWG ha-1) 322 
and land use (per kg FPCM and kg LWG). Increasing forage production through the adoption of improved pastures 323 
allows increasing stocking rate and meat production per hectare and can reduce land used to produce one kg of 324 
meat or milk. On the other hand, there was a positive correlation between both diesel consumption and feed 325 
purchased with non-renewable energy use (per kg FPCM and kg LWG). 326 
A cluster analysis was performed for the same variables used in the PCA, and three farm clusters were identified 327 
for each type of farm (Table 8). The average milk yield in cow-calf farms was lower than production ranges 328 
reported for dual-purpose systems in Latin America, which was expected as cow-calf systems do not produce 329 
15 
 
milk as their main product. In all farms, animal feeding relies on grazing on natural pastures, a typical 330 
characteristic of extensive beef cattle systems in Latin America (Cerri et al., 2016). Live weight gains in all cow-331 
calf systems were lower than those observed in the rearing phase of extensive farms in Brazil. However, in the 332 
fattening stage, the LWG observed for clusters 1 and 3 were higher than those reported for extensive cattle 333 
finishing operations (Florindo et al., 2017a). 334 
3.6 Interpretation of the clusters 335 
3.6.1 Cow-calf farm clusters 336 
Cluster 1 consisted of 96 farms (38%), had the highest stocking rate, milk yield, meat production, area of 337 
improved pastures, and forage production. However, this cluster showed the lowest application rate of 338 
fertilizers, feed purchased, and diesel use. Its higher productivity led to the lowest carbon footprint, non-339 
renewable energy use, and land use among clusters. Cluster 2 included 45 farms (18%), grouping the largest 340 
farms with the highest fertilizer application rates, purchased feed, and diesel use. Farms in this cluster had the 341 
second-highest stocking rate, milk production, meat production, improved pastures, and forage production, and 342 
the lowest milk yield, presenting the highest non-renewable energy use, the second carbon footprint, and LU. 343 
Cluster 3 grouped 110 farms (44%), which had the second-highest milk production, fertilizer application rate, 344 
feed purchased, and diesel consumption. Farms in this group had the lowest stocking rate, meat production, 345 
area of improved pastures, and forage production, all of which led to the highest carbon footprint and LU and 346 
the second non-renewable energy use. 347 
3.6.2 Fattening farm clusters 348 
Cluster 1 consisted of 119 farms (43%), had the highest meat production per AU, area of improved pastures, and 349 
forage production. Farms in this group had the second highest meat production per ha and diesel consumption, 350 
and the lowest stocking rate, fertilizer application rate, and feed purchased, which led to the lowest carbon 351 
footprint and non-renewable energy use among clusters, but the lowest stocking rate negatively influenced their 352 
land use. Cluster 2 included 102 farms (37%), had the second-highest stocking rate, fertilizer application rate, 353 
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and purchased feed. Farms in this cluster had the lowest meat production, area of improved pastures, forage 354 
production, and diesel consumption, and thus, they had the highest carbon footprint and land use among clusters 355 
and the second non-renewable energy use. Cluster 3, grouped 54 farms (20%), had the highest stocking rate, 356 
fertilizer application rate, feed purchased, and diesel consumption. These farms also presented the second 357 
highest meat production, improved pastures, and forage production, thus having the second carbon footprint 358 
and land use and the highest non-renewable energy use. 359 
3.7 Environmental impacts and comparison with other studies 360 
The negative relationship between carbon footprints and either meat (kg LWG per AU) or milk productivity (kg 361 
FPCM per AU) suggests that an increase in productivity might reduce GHG emissions per kg product. This finding 362 
corroborates previous LCA studies for beef systems in Brazil and Argentina, which indicated that carbon 363 
footprints could be reduced by increasing animal productivity (Morel et al., 2016; Nieto et al., 2018). There were 364 
significant differences in CF among clusters in cow-calf farms, which ranged between 10.3 to 15.6 CO2eq kg LWG-365 
1 (Table 8). It has been reported that carbon footprint for cow-calf operations in Canada, USA, and Ireland ranged 366 
between 10 and 11 kg CO2 kg LWG-1 in production systems based on high quality seeded pastures and hay, high 367 
reproductive rates, and high use of inputs. Also, CF of cow-calf operations for grazing systems over natural and 368 
improved pastures in Argentina and Uruguay ranged between 11.4 and 32.2 kg CO2 kgLWG-1 (Becoña et al., 2014; 369 
Faverin et al., 2019). Therefore, our results were at the lower end of the reported range. The low values may 370 
have been because we performed allocation between milk and meat, which is unusual for cow-calf farms, and a 371 
share of total emissions was assigned to milk, reducing the CF for meat production. However, if we allocate all 372 
GHG emissions to meat, CF increases between 17 and 27%, reaching similar values than CF reported for cow-calf 373 
operations in Uruguay (Becoña et al., 2014).  374 
The CFs in the three clusters ranged between 9.9 to 19.9 CO2eq kg LWG-1 and were significantly different among 375 
clusters for fattening farms. In finishing operations in Brazil, Ireland, Uruguay and US, reported CF ranged from 376 
9 to 43 kg CO2-eq per kg LWG (Casey and Holden, 2006; Dick et al., 2015b; Modernel et al., 2018; Pelletier et al., 377 
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2010; Ruviaro et al., 2015). The lower values of this reported range corresponded to farms with high quality (high 378 
digestibility and crude protein content) diets, which lead to higher animal productivity. Our results were at the 379 
lower end of this range. The area of improved pastures in the three clusters was lower than 28% of the total farm 380 
area, which indicates that natural grassland prevailed on-farm. Compared to the systems reported from Brazil, 381 
our farms were similar to the improved natural grass systems, which corresponded to farms with a combination 382 
of improved and natural pastures (Ruviaro et al., 2015). The CFs for clusters 1 and 3 were lower than commonly 383 
reported for these systems, with the lower GHG emissions per kg product probably being due to a better quality 384 
of pastures, higher forage allowance, higher productivity, and lower use of inputs. Several studies performed in 385 
Canada, Japan, and US, have reported that with the inclusion of seeded pastures, GHG emissions from forage 386 
diets are reduced, reducing the farm CF (Beauchemin et al., 2010; Ogino et al., 2007; Pelletier et al., 2010).  387 
We did not include the embodied burdens from imported animals for studied fattening farms, making the CF 388 
lower. We used the attributional approach, applying allocation rules, due that system expansion is difficult 389 
without realistic information about animal fluxes in Colombia. If numbers on the animals in the beef production 390 
chain in Colombia are clarified, future LCA studies could apply the system expansion, and the interconnection 391 
between cow-calf, dual-purpose, and fattening systems can be considered. Data availability would bring certain 392 
advantages, such as identifying the potential for each exported animal from dual-purpose, and even from dairy 393 
systems, to produce live weight in beef fattening systems and possible reductions in the environmental burdens 394 
caused by all the beef production chain.  395 
Figure 6 shows the contribution of GHG emissions of each stage of production to the total carbon footprint for 396 
the beef production chain from a set of combinations of the clusters identified for cow-calf and fattening 397 
systems. Previous studies in Uruguay and the US have reported that in beef production systems, cow-calf 398 
operations usually account for 63 to 80% of total CF (Becoña et al., 2014; Pelletier et al., 2010) because this is 399 
the most emission-intensive period of the cow-calf stage when they produce neither milk nor meat as a farm 400 
product, only meat from replacement cows. Our findings were different, and most of the combinations of cow-401 
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calf production plus fattening farms showed that the cow-calf stage contributes less than 50% to the total CF. 402 
We included calves as a product for cow-calf systems, not as an input for the fattening stage. The combination 403 
of cow-calf production and fattening farms, in Cluster 1, was the one with the lowest CF among all combinations. 404 
These results are lower than CF for the whole cycle of meat production reported for systems under improved 405 
pastures in Brazil and Uruguay (Becoña et al., 2014; Florindo et al., 2017a; Mazzetto et al., 2015; Ruviaro et al., 406 
2015). Therefore, it is possible to reach a lower CF for meat production in Colombia by adopting better quality 407 
forages and grazing management practices, leading to higher productivity and reducing the negative 408 
environmental impacts.  409 
Non-renewable energy use for milk and meat production showed significant differences among clusters in cow-410 
calf and fattening systems. This impact category was positively correlated with feed purchased in the PCA, diesel 411 
consumption, and fertilization rates (Figure 5). In cow-calf and fattening farms, cluster 2 and cluster 3, 412 
respectively, which used more external feed, fertilizers, and diesel, showed the highest non-renewable energy 413 
used. A similar trend was reported for beef systems in Uruguay and Brazil, in which non-renewable energy usage 414 
also increased with the higher use of inputs, with the lower values occurring in grazing systems based on natural 415 
pastures (Modernel et al., 2013; Pashaei-Kamali et al., 2016). Results for all clusters were much lower than values 416 
reported for cow-calf + fattening operations in the US and EU in systems with higher inputs (Capper, 2012; Morel 417 
et al., 2016; Nguyen et al., 2010; Pelletier et al., 2010). Our results are comparable with values reported for low 418 
input beef systems in Argentina, Brazil, and Uruguay (Modernel et al., 2018; Pashaei-Kamali et al., 2016). 419 
Land use per kg FPCM and kg LWG had significant differences among clusters in cow-calf and fattening systems. 420 
The main contributor to total land use was grassland occupation, and this behaviour was also observed in LCA 421 
studies for beef cattle systems in Brazil (Dick et al., 2015b; Mazzetto et al., 2015; Willers et al., 2016), European 422 
Union (Nguyen et al., 2010), and Uruguay (Modernel et al., 2013). Also, LU was lower than that reported for 423 
grazing beef systems that included supplementary feed in diets (Morel et al., 2016) and lower than extensive 424 
systems. In the PCA, land use was negatively correlated to stocking rate, live weight gain per ha, and area of 425 
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improved pastures (Figure 5). This finding suggests that as farms increase the stocking rate by introducing 426 
improved pastures, which results in increased forage production and animal productivity, the land occupation 427 
can decrease. This trend is similar to findings reported for beef farms in Brazil (Cardoso et al., 2016; 2015b; 428 
Mazzetto et al., 2015; Pashaei-Kamali et al., 2016). The values of land use in this study were higher than those 429 
reported for the European beef farming system (de Vries and de Boer, 2010; Mogensen et al., 2015b; Nguyen et 430 
al., 2010) and pasture-based beef systems in North America (Beauchemin et al., 2011; Capper, 2012; Opio et al., 431 
2013). The difference between Colombian and the systems in these regions may be explained by a lower pasture 432 
quality, which generally results in a lower pasture productivity per unit of area and stocking rates, and 433 
subsequently lower beef yields.  434 
3.8 Improvement options and implications 435 
The implementation of improved pastures is a feasible option to mitigate GHG emissions from cattle systems in 436 
Colombia. It fosters increases in stocking rates, forage allowances, grazing intensity, and animal productivity 437 
(Becoña et al., 2014), which leads to reduced CF for meat and milk production. Therefore, implementation of 438 
improved pastures was simulated for farms in each cluster and CF was estimated. The area under improved 439 
pastures required to produce and satisfy all the cattle's current forage demands would be the total grazing area. 440 
In this scenario, the quality of pastures enhanced in comparison to the baseline. Therefore, in all the clusters, 441 
cattle activities' grazing areas can be significantly reduced compared to the baseline (Table 9). Considering only 442 
the cost of implementation, the first year showed favorable cost-effectiveness for all the clusters in cow-calf 443 
systems and clusters 2 and 3 in fattening farms (Table 9). In addition, for the following years, considering only 444 
the cost of maintenance, the cost-effectiveness was negative in all clusters from both production systems. Hence, 445 
by adopting improved pastures, production cost savings can be achieved while reducing GHG emissions. Despite 446 
the favorable cost-effectiveness observed for the first year, when the cost of implementation was considered, 447 
economic savings were achieved in the following years when only maintenance costs were incurred. Similar 448 
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findings were reported by Florindo et al. (2017b) in beef systems in Brazil, who stated that investments in 449 
improved pastures could reduce GHG emissions and increase farm profitability. 450 
A lower carbon footprint was achieved for all clusters in cow-calf and fattening systems after implementing 451 
improved pastures. In cow-calf farms, CFs for milk were similar to figures reported for specialized dairy systems 452 
in Brazil (de Léis et al., 2015; Salvador et al., 2017), and CF for meat was even lower than figures reported in more 453 
intensified beef systems in the USA and Canada (Beauchemin et al., 2010; Pelletier et al., 2010). In fattening 454 
systems, CF reached values close to those reported for cattle systems under improved pastures in Uruguay and 455 
lower than CF for farms that included in pasture diets and supplementation in Australia (Modernel et al., 2013; 456 
Peters et al., 2010). Therefore, there is a great potential for mitigating GHG emissions from the beef production 457 
value chain in Colombia by implementing improved pastures. 458 
4. Conclusions 459 
Cow-calf and fattening cattle farms assessed were characterized as extensive systems, with cattle diets based on 460 
a combination of natural and improved pastures, with a low proportion of the improved one, with little use of 461 
supplementation, and low stoking rates. As management practices were similar on all farms, our findings suggest 462 
that as a general behaviour, the hotspots of GHG emissions in cow-calf and fattening farms in Colombia come 463 
from the animals, with enteric fermentation and excreta deposited on pastures being the primary sources. 464 
Our results suggest that 2006 IPCC overestimated nitrous oxide emissions and, consequently, farms' carbon 465 
footprint. The 2019 IPCC Refinement to IPCC 2006 GHG inventory guidelines changed the GHG emissions factors 466 
resulting in higher biogenic methane emissions. The resultant increase in enteric fermentation-derived emissions 467 
could reduce the long-term environmental impacts of cattle farms in Colombia due to the short atmospheric 468 
lifespan of methane; natural atmospheric removals could limit increases in its atmospheric concentration for 469 
stable emission rates. 470 
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We identified three farm clusters either for the cow-calf and fattening systems. Both production systems had a 471 
cluster of farms with low carbon footprint, non-renewable energy use, and land use, and were characterized by 472 
a higher percentage of the area of improved pastures, forage production, and better grazing management 473 
practices. Combining the best clusters for cow-calf and fattening systems can lead to a carbon footprint for the 474 
whole beef production chain comparable to intensified beef systems in developed countries or values reported 475 
for systems under improved pastures in Latin America. 476 
The adoption of improved pastures improved fertilization rates, and better grazing management practices led to 477 
reduced methane and nitrous oxide emissions and high pasture and animal productivity. Consequently, the CF 478 
was also reduced, reaching CF levels similar to or lower than those reported for intensified beef cattle systems 479 
worldwide. Additionally, this mitigation strategy had negative cost-effectiveness after the implementation, 480 
incentivizing adoption by beef cattle ranchers in Colombia.  481 
The methodological choice for managing co-products from cow-calf systems has an important influence on the 482 
environmental impacts of meat and milk. Systems expansion is another method for handling co-products that 483 
can give different results than when applying allocation rules. Despite standards and guidelines on LCA 484 
methodology exists, there is still no shared consensus on co-product management. Thus, for a better comparison 485 
of the environmental impacts among different cattle systems, the same co-product handling method must be 486 
applied. 487 
This study identified the main hotspots of GHG emissions in cow-calf and fattening systems in Colombia. The 488 
study has thus contributed to improving the understanding of the environmental impacts of cattle production 489 
systems. We conclude that improved pastures can contribute to the beef sector's environmental and economic 490 
sustainability in Colombia. These findings will inform policies that enable GHG emissions mitigation, adaptation 491 
to climate change, and productivity improvements in Colombia's beef production sector. 492 
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